Introduction {#sec0005}
============

The COVID-19 pandemic is a current pandemic of high international interest, caused by the coronavirus strain SARS‑CoV‑2. Up to date, there is no treatment to decrease the virus-caused infection and mortality rates ([@bib0050]). More and more voices are being raised supporting the supplementation of Vitamin D~3~ to counter the pandemic outbreak with the correlated mortality rates as well as economic and social consequences ([@bib0095]). In a recently published review article, Sharma et al. (2020) have critically discussed the association of vitamin D with viral infections. A recent clinical study from Iran (n = 611) stated that there were no COVID-19 deaths in a hospital if serum 25(OH)D concentrations were higher than 41 ng/mL and patients were younger than 80 ([@bib0165]). Russian hospitals observed that the likelihood to have severe COVID-19 increases by the factor of 5 if vitamin D is deficient ([@bib0135]). Similar observations have been made by [@bib0185]. [@bib0225] observed a significant reduction in oxygen support for older clients when providing them with a relatively low daily dose of 1000 IU D~3~ OD, 150 mg magnesium OD, and 500 μg B12 OD upon admission. On the other hand, one retrospective cohort study that investigated the correlation between the mean D3 serum levels of different European countries and the COVID-19 mortality rate was not considered significant ([@bib0005]). An explanation for this could be that testing conditions differ in each European country, making it difficult to reach a conclusion in such a retrospective study. Also, the mean D~3~ serum levels do not necessarily apply to people who are especially vulnerable to that virus (e.g. aged and bedridden people). This assumption is supported by [@bib0060] who documented a significantly lower median D~3~ value in patients with COVID-19 compared to control subjects.

The obviously correlating vitamin D deficiency is linked to increasing the risk of many common and serious diseases ([@bib0115]). In a study conducted by [@bib0090], vitamin D deficiency was defined as a serum 25(OH)D concentrations ≤20 ng/mL. 41.6% of the test subjects have been considered vitamin D deficient. Of the tested people of color (PoC) and Hispanics, the deficiency rate was even 69.2% and 82.1%, respectively. Similar observations with respect to patients' ethnicity have been made by [@bib0120] and [@bib0055]. The latter also states that serum 25(OH)D concentrations were lower in obese people that were tested COVID-positive, which is most likely due to increased relative body volume. [@bib0100] even report that 82.5% of studied patients in the sun-intensive Middle East were vitamin D deficient. These observations with respect to common vitamin D deficiency, together with evidence of several experimental studies ([@bib0020], [@bib0045], [@bib0110], [@bib0220]), indicates that vitamin D is essential in the modulation of immune function ([@bib0015], [@bib0215]).

The threshold of Vitamin D deficiency is a continuous subject of discussion. Whereas the European Food Safety Authority recommends a minimum serum level of 25(OH)D of 25 nmol/L (i.e. 10 ng/mL) ([@bib0075]), many scholars consider this value way too conservative. A study that was conducted in Kenya on healthy black males showed that 25(OH)D levels \<30 ng/mL were associated with a significant rise in physiological markers such as parathyroid hormone (PTH) ([@bib0130]). Thus, desirable 25(OH)D levels are rather to be found between 30--48 ng/mL ([@bib0025], [@bib0205], [@bib0250]), i.e. 3--5 times higher than recommended by the European authorities. Looking into optimal 25(OH)D serum levels from an epidemiological and evolutionary perspective could be another approach to getting a rough indication on these levels ([@bib0040], [@bib0155]). It has been shown that traditional African hunter-gatherers had an average serum level of 48 ng/mL.

This publication set out to show the metabolic pathways behind the immunomodulating effect of vitamin D by following a systems thinking approach. The output will also give advice on which other dietary supplements one should consider.

Methodology {#sec0010}
===========

One of the basic principles that is used to combine valuable scientific findings and knowledge from often interdisciplinary domains is called systems analysis. Causal loop diagrams (CLDs) functioned as a tool to illustrate the principle of causality of 25(OH)D serum levels on the human metabolism and form the basis for systems analysis ([@bib0160]). Such causal loop diagrams are powerful instruments for problem identification and problem resolving purposes by breaking down a comprehensive system into fragments in order to enhance its comprehensibility ([@bib0105]).

Visualizing concepts makes it much easier to understand complex correlations and casualties (i.e. cause and effect mechanisms). The problem (in this case immune systems that have difficulties coping with COVID-19) stands in the center of the systems analysis. Data on the impact of vitamin D~3~ on the immune system have been collected and elaborated in the results and discussion section. Based on these findings, the CLDs have been created and digitized using the Vensim software ([@bib0240]).

Results and Discussion {#sec0015}
======================

[Figure 1](#fig0005){ref-type="fig"} illustrates a causal loop diagram coping with the effects of vitamin D~3~ and K~2~ supplementation. The diagram will be elaborated and discussed throughout this section.Figure 1Causal loop diagram of the impact of vitamin D3 on the immune system.Figure 1

In a simplified scheme, the majority of the previtamin D~3~ is both acquired in the human skin from the conversion of 7-dehydrocholesterol through cutaneous solar ultraviolet radiation ([@bib0145]), and to a lesser extent through dietary supplementation (D~2~ and D~3~). The metabolic pathway continues in the liver where D~2~ and D~3~ are hydroxylated to 25(OH)D. 25(OH)D is eventually transformed into 1,25(OH)~2~Vitamin D~3~ (the physiologically active form of vitamin D) in the kidneys ([@bib0140]). The high degree of vitamin D deficiency may not be due solely to the modern office-lifestyle (i.e. home - car - office - car - home; repeat) but also depend on factors such as higher latitude, degree of skin pigmentation, seasons (i.e. winter) and dietary intake (i.e. fatty fish, liver, fermented foods, etc.) ([@bib0170]).

Oral supplementation of D~3~ is the easiest means to prevent deficiencies. A frequent argument against supplementation of vitamin D~3~ is that an increased intake could lead to a vitamin D toxicity, also called hypervitaminosis D ([@bib0180]). This again can cause hypercalcemia, which is the buildup of calcium in the blood leading to vascular calcification, osteoporosis, and kidney stones. However, it has been reported that the reason for hypercalcemia rather lays in a vitamin K~2~ deficiency ([@bib0085], [@bib0245]), as K~2~ activates the bone gamma-carboxyglutamic acid-containing protein (osteocalcin) through carboxylation. Activated osteocalcin deposits calcium in the bones, whereas non-activated osteocalcin inhibits calcium absorption by the bones. As the osteocalcin synthesis rate is increased by higher 25(OH)D serum levels, K~2~ is required as a natural antagonist ([@bib0270], [@bib0065]).

It has also been observed that D~3~ supplementation led to an increase in anti-inflammatory and immunoregulating interleukin 10 (IL-10) cytokines and reduced frequency in Th17 cells ([@bib0010]), which in turn leads to a decrease in IL-17 and the proinflammatory cytokine TNFα production, decreasing inflammatory effects in the host ([@bib0080], [@bib0150]). Also, [@bib0275] reported that TNFα promotes pathogenic Th17 cell differentiation. On the other hand, IL-10 reduces the activity of the TNF‐α‐converting enzyme (TACE) ([@bib0030]). [@bib0030] also observed that lipopolysaccharides (LPS) in the bloodstream enhanced TNFα values.

Whereas Th1 and Th17 cells are proinflammatory, regulatory T-cells (Tregs) have anti-inflammatory effects. [@bib0195], [@bib0190] proclaim that vitamin D~3~ supplementation showed an increase in regulatory Tregs and a more tolerogenic immunological status in general. As illustrated in [Figure 1](#fig0005){ref-type="fig"}, a chronic D~3~ deficit would shift the T-cell ratio towards the inflammatory pathway. Given the fact that an abundance of Th17 cells are highly associated with autoimmune diseases ([@bib0260], [@bib0265]), it is therefore unsurprising that many fatal cases showed comorbidities.

There are many follow-up studies required to substantiate and consolidate the hypothesis that there is a strong correlation between low 25(OH)D serum concentrations and mortality rates. But what we know is that people with "sufficient" vitamin D blood serum levels tend to have considerably less severe symptoms caused by COVID-19 ([@bib0200]).

Dietary considerations {#sec0020}
----------------------

Given that vitamin D~3~ is an immunoregulating hormone and can be considered safe when supplementing it together with K~2~, [Table 1](#tbl0005){ref-type="table"} provides a rough guideline on how to raise vitamin D levels to desired values. Supplementation of magnesium (200--250 mg/day) should also be considered, as all enzymes that metabolize vitamin D seem to require magnesium ([@bib0230]).Table 1Tabular indicator for raising the 25(OH)D blood serum levels from 20 ng/mL to 40 ng/mL and maintaining them after consultation with the physician ([@bib0255]).Table 1Body weight10 days fill upDaily D3 supplementation (IU)Daily K2 (MK7) supplementation (μg)5014.0002.2001006016.8002.6001207019.6003.0001408022.4003.5001609025.2003.95018010028.0004.38020011030.8004.820220

Other dietary supplementations to consider are: (1) lipoic acid has been shown to inhibit pro-inflammatory IL-6 and IL-17 production ([@bib0210]); (2) omega-3 fatty acids that are anti-inflammatory and reduce kinase excretion. Consume as a supplement or in form of cod liver oil or fatty fish (such as salmon) once or twice per week ([@bib0235]); (3) Cannabidiol (CBD) that promotes anti-inflammatory IL-10 secretion ([@bib0125]) while preventing LPS‐induced microglial inflammation ([@bib0070]); and (4) Green Tea, since epigallocatechin-3-gallate is the most biologically active catechin in green tea. It reduces Th17 cells and increases regulatory T-cells ([@bib0035]).

Conclusions {#sec0025}
===========

Recent COVID-19-related data evaluation showed indications that a high 25(OH)D blood serum level might have an impact on the mortality rate of coronavirus patients. Even though ethical issues might arise ([@bib0175]), the paper's hypothesis requires clinical randomized trials to verify the circumstantial evidence. This publication illustrated the metabolic mechanisms behind that observed phenomenon. It is highly suggested to also consider K~2~ and magnesium intake to avoid unintended long-term side-effects such as arteriosclerosis and osteoporosis.
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